When a plaid pattern (the sum of two high spatial frequency gratings oriented 9 84°from vertical) jumps horizontally by 3/8 of its spatial period its contrast envelope, a second-order pattern, moves in the opposite direction to its luminance waveform. Observers report that the pattern moves in the direction of the contrast envelope when the jumps are repeated at intervals of more than 125 ms and in the direction of the luminance profile when they are repeated at longer intervals. When a pedestal [Lu, Z.-L. & Sperling, G. (1995) . Vision Research, 35, 2697Research, 35, -2722] is added to the moving plaid a higher contrast is required to see motion of the contrast envelope but not to see the motion of the luminance profile, suggesting that the motion of the contrast envelope is sensed by a mechanism that tracks features. Static plaids with different spatial parameters from the moving pattern are less effective at raising the contrast required to see the motion of the contrast envelope and simple gratings of low or high spatial frequency are almost completely ineffective, suggesting that the feature-tracking mechanism is selective for the type of pattern being tracked and rejects distortion products and zero-crossings.
Introduction
It is widely, though not universally, accepted that the motion of simple luminance patterns is sensed by an array of mechanisms based on direction-selective linear spatio-temporal filters or cross-correlators operating on the outputs of non-direction-selective filters, each selective for a band of spatial and temporal frequencies moving in a particular direction (Adelson & Bergen, 1985; van Santen & Sperling, 1985; Watson & Ahumada, 1985) . However, these types of mechanism would not be selective for the direction of motion of patterns that consist of a moving spatial modulation of the contrast of a non-moving pattern. Human observers are able to sense the motion of contrast modulations , which are one class of what are known as non-Fourier (Chubb & Sperling, 1988) or second-order motion stimuli (Cavanagh & Mather, 1989) all of which give rise to a motion sensation and none of which would elicit direction-selective responses from filterbased motion sensors. This paper addresses the question of how the visual system senses the motion of contrast modulations.
One possibility would be that the filter-based motion sensor is actually sensitive to the motion of contrast modulations as well as to luminance modulations. Although this is not the case with sensors based on linear filtering or cross-correlation, a sensor that calculates velocity by comparing local spatial and temporal derivatives of the image's spatio-temporal luminance profile would be selective for the motion of contrast modulations (Johnston, McOwan & Buxton, 1992 ). Another possibility would be that a point non-linearity early in the visual pathway would render the second-order patterns visible to spatio-temporal filters (Burton, 1973) . It has been suggested that the second-order stimulus could undergo a sequence of linear filtering, rectification or squaring and then motion filtering (Chubb & Sperling, 1988) . Second-order motion sensors of this type would be expected to have many properties common with first-order motion sensors.
An alternative way of analysing second-order motion would be to locate appropriate features (e.g. zero-crossings or locations where local contrast is high) in the pattern and track the changes in their position over time (Ullman, 1979; Anstis, 1980; Georgeson & Shack-leton, 1989) . It is worth pointing out that feature-tracking could also signal the motion of most first-order patterns.
In order to discriminate between these different possible architectures for the mechanisms of second-order motion perception Lu and Sperling (1995) added a pedestal, a static replica of a moving pattern, to the moving stimulus. If observers use feature-tracking to analyse motion they should be unable to distinguish the direction of motion when the pedestal is present because it causes the features to oscillate back and forward without moving consistently in any direction. On the other hand, for some types of motion sensor based on linear filters, performance should be the same with and without a pedestal. Lu and Sperling found that pedestals did not raise the contrast required to discriminate the direction of motion of luminance patterns or the modulation required to discriminate the direction of motion of a contrast modulation of a high contrast noise pattern and concluded that neither first-order nor second-order motion depends on feature-tracking.
The second-order patterns used by Lu and Sperling (1995) were contrast-modulated noise patterns with a mean contrast of 0.5. In our own experiments with contrast-modulated sinusoids we find that performance in a motion discrimination task changes with mean contrast in a way that suggests that different types of detector analyse second-order motion in low-contrast and high-contrast contrast-modulated patterns (Derrington, 1994) . This raises the possibility that at low contrasts, not investigated by Lu and Sperling (1995) , second-order motion may be analysed by tracking features.
In this paper we re-examine the nature of the mechanism that analyses the motion of contrast-modulation waveforms, using a low-contrast pattern containing contrast modulations and luminance modulations that move in opposite directions. We study how a pedestal affects the performance in direction-discrimination tasks in order to compare the properties of the different types of mechanism that sense the motion of contrast patterns and luminance patterns. We find that the analysis of second-order motion in this pattern is disrupted by a pedestal and thus is likely to be mediated by a feature-tracker (Lu & Sperling, 1995) . Some of these results have been published in abstract form (Ukkonen & Derrington, 1996) .
Methods

Apparatus
Patterns were generated by a display controller (Cambridge Research Systems VSG 2/1) and displayed on a high resolution monitor (Mitsubishi Diamond Pro 20). On each frame of the display (frame rate was 120 Hz) the patterns were presented within a circular patch whose diameter subtended a visual angle of 6°at the viewing distance used (2.83 m in experiments 1-3; 2.13 m in experiments 4 and 5). The rest of the visible screen had the mean luminance of the display (48 cpd/m 2 ). Up to four different grating patterns were interleaved in pairs. Each member of the pair was presented on alternate lines and the two pairs were presented on alternate frames. Four different stimulus pairings were used: (1) the sum of two sinusoidal gratings with different orientations producing a plaid pattern; (2) the sum of a moving sinusoidal grating and a static grating; (3) the sum of two plaid patterns (i.e. the sum of four gratings); (4) the sum of a moving plaid pattern and a static sinusoidal grating.
The patterns were modulations of luminance without any changes in space-average luminance. In experiment 1 contrast was ramped on and off gradually with a Gaussian temporal profile (S.D. 0.14 s) and in all other experiments the patterns were switched on and off abruptly.
The grating patterns were generated by storing lookup table index values in separate pages of video memory which were displayed on alternate frames. Separate lookup tables, each containing 251 gammacorrected luminance values corresponding to a full cycle of a sinewave, were maintained for each pattern. Thus the part of display memory representing each pixel contained an eight-bit number which indicated the phase of the sinusoid at that point of the picture. The lookup table was used to convert that phase into three numbers, which, when loaded in the three eight-bit DACs, gave the luminance required at that phase for a sinusoidal grating of the required contrast. More precise control of the contrast was obtained by summing the DAC outputs of the framestore with different gains (Pelli & Zhang, 1991) .
The contrast and the spatial position of the pattern could be changed by changing the lookup table. Precalculated lookup tables (240) coding contrasts from one down to 0.001 in steps of 0.0125 log units were stored in graphics memory. A new lookup table could be loaded in the interval between frames so that the two interleaved patterns could have different contrasts.
Stimuli
The moving stimulus was a plaid pattern consisting of two gratings with a spatial frequency of 5 cpd and oriented 9 84°about the vertical axis. The initial spatial phases of the gratings were random in every experimental condition. The appearance of contrast variation can be described by substituting the trigonometric identity
into the equation of the plaid pattern:
where the two grating components have contrast C, are oriented symmetrically 9arctan(6/u) from the vertical, have spatial frequency u 2 +6 2 and temporal frequency g. Combining Eq. (1) and Eq. (2) gives us:
L(x,y,t) = 2 cos 2y(6y)cos 2y(ux + gt)
The plaid pattern can thus be expressed as a product of a vertical, horizontally moving cosine envelope and a horizontal, stationary cosine carrier. It consists of a series of vertical stripes each of which contains a sinusoidal grating with short horizontal bars. The gratings in adjacent stripes are spatially out of phase with one another by 180°and are separated by low-contrast regions.
Analysis of the luminance distribution of the pattern (first-order analysis) assigns opposite signs to the stripes containing gratings with opposite phases and it will assign our plaid pattern a horizontal period of 2°( a horizontal spatial frequency of 0.5 cpd). Analysis of the local contrast, as for example by filtering a squared or rectified version of the pattern, however would not distinguish between the stripes with opposite phases (each stripe is a region of high contrast) and it would assign a horizontal period of 1°(a horizontal spatial frequency of 1 cpd). The same horizontal period (1°) can be obtained by representing the spatial structure of the pattern in terms of the locations of all zero-crossings (Marr & Ullman, 1981) or the locations where the local luminance has the same value as the mean (Bowns, 1996) .
In experiment 1, the grating components which produced a plaid pattern (Fig. 1a ) made 1, 2, 4, 8, 15, or 30 jumps during the 500 ms presentation. In each jump the components (the two gratings) moved 3/8 cycle giving them an average temporal frequency between 0.75 Hz (two jumps of 3/8 cycle/s) and 22.5 Hz (60 jumps of 3/8 cycle/s). However, as explained above, the second-order representation of the plaid has a horizontal spatial frequency twice that of the first-order pattern, so it jumps through 3/4 cycle each time the components jump through 3/8 cycle. A jump forwards by 3/4 cycle is exactly equivalent to a jump backwards by 1/4 cycle, so the second-order representation of the plaid actually moves backwards by 1/4 cycle. Thus the second-order temporal frequencies vary from 0.5 to 15 Hz. Throughout this paper we refer to the temporal frequencies of plaid patterns as those of the first-order pattern. Second-order temporal frequencies will always be 2/3 of the first-order temporal frequencies of the same pattern.
In experiment 2, the moving plaid was interleaved with a pedestal, a static replica of itself (Fig. 1a) . The contrast of the pedestal was twice the value at which it became possible to discriminate the direction of motion of the plaid. The plaid made eight 3/8 cycle jumps during either a 2 s or 267 ms exposure. This resulted in temporal frequencies of 1.5 or 11 Hz. By presenting an integer number of temporal cycles of the stimulus (eight jumps) we made sure that our display exploited the pseudo-linear property of the elaborated Reichardt motion detector (Lu & Sperling, 1995) .
In experiment 3, the 1.5 Hz plaid was interleaved with pedestals made with gratings of lower (3 cpd) or higher (8 cpd) spatial frequency (Fig. 1b, c) . The horizontal spatial frequency of the pedestals was the same as in the moving plaid. Both pedestals looked like stacks of bricks where the bricks were the same length but they differed in height. The plaid made eight 3/8 cycle jumps during a 2s exposure.
In experiments 4 and 5, the 1.5 Hz plaid was interleaved with a high contrast static sinusoidal grating of 0.5, 1 or 5 cpd. Motion consisted of a single 3/8 cycle jump in the middle of the 500 ms exposure.
Subjects
One of the authors and three trained observers, who were unaware of the aim of the experiments, served as subjects. They viewed the screen with natural pupils and without head restraint. All had normal or corrected-to-normal vision and were instructed to fixate the centre of the screen.
Procedure
Subjects were required to discriminate the direction of motion in a temporal 2AFC task with no feedback. Each trial was initiated by a key-press and consisted of two temporal intervals signalled to the observer by bursts of audible noise. During one interval, chosen at random, the pattern moved to the right and during the other interval it moved to the left. The subject's task was to signal whether the pattern had moved to the left or to the right during the first interval.
The stimulus to be presented was randomly chosen from a set of five which differed only in contrast. No stimulus could be presented for the nth time until all stimuli had been presented n−1 times. A computer controlled the selection and presentation of stimuli and the recording of the responses.
Results and discussion
3.1. Experiment 1: jumping at different temporal frequencies Fig. 2 shows the performance of three observers discriminating the direction of motion of a plaid moving in jumps of 3/8 cycle with an average temporal frequency between 0.75 and 22.5 Hz.
At temporal frequencies up to 3 Hz the performance varied from 68% correct at low contrasts to 0% correct at high contrasts. The plaid appears to jump backwards indicating that its perceived motion is determined by second-order mechanisms (Derrington, Badcock & Holroyd, 1992) . The contrast required to discriminate the direction of motion increased by 0.4-0.5 log units between 0.75 and 3 Hz. At 6 and 11 Hz, the performance varied from 38% correct at low contrasts to 100% correct at high contrasts. The plaid appears to move forwards indicating that its Fig. 1 . Each disk shows a high-contrast representation of the original stimulus. The circular stimuli subtended a visual angle of 6°. The panel shows 2/3 of the original stimulus (i.e. in Fig. 1a , only four cycles of the original six are shown). (a) Plaid pattern consisted of two gratings with a spatial frequency of 5 cpd and oriented 9 84°about the vertical axis. Spatial phases of the components were random in the experiments. The plaid pattern appears to contain a series of vertical stripes each containing a short horizontal grating. The gratings in adjacent stripes are spatially out of phase with one another and separated by low-contrast regions. When the plaid pattern was interleaved with a pedestal, i.e. a static replica of the moving pattern, the pedestal had the same horizontal and vertical spatial frequency as the moving pattern. (b) 3 cpd pedestal. The pedestal had the same horizontal spatial frequency as the moving plaid pattern but lower vertical spatial frequency. All the different pedestals looked like stacks of bricks. All the bricks were the same length but they differed in height from plaid to plaid. (c) 8 cpd pedestal.
perceived direction of motion is determined by first-order mechanisms. Observers required 0.6-0.7 log units more contrast to discriminate the direction of motion at 11 Hz, than at 6 Hz. At the highest temporal frequency of 22.5 Hz, the performance fluctuated about 50% correct even when the contrast was 100%. It seems that neither type of mechanism is able to signal the motion of a 22.5 Hz plaid reliably.
As the plaid is designed to signal opposite directions of motion in first-and second-order mechanisms, the result suggests that both types of mechanism mediate the plaid motion confirming the earlier finding of Derrington et al. (1992) . At low temporal frequencies the plaid is perceived to move in the direction consistent with a second-order analysis implying that the mechanisms that perform second-order motion analysis are dominant. At higher temporal frequencies the veridical direction of motion (i.e. the motion is seen in the same direction as the jumps of the grating components) is perceived indicating a transition to a first-order mechanism. Finally, at 22.5 Hz observers saw no consistent motion even at 100% contrast level indicating that, at this temporal frequency, neither of the mechanisms is capable of providing reliable signals.
One way that the visual system could analyse secondorder motion would be to track features in the pattern (e.g. Ullman, 1979; Anstis, 1980; Georgeson & Shackleton, 1989 ). Lu and Sperling (1995) argue that motion percepts that are mediated by tracking features will be disrupted by addition of a pedestal. In order to see to what extent first-and second-order mechanisms depend on feature-tracking we added a pedestal (Lu & Sperling, 1995) to the moving plaid pattern to test whether it has any effect on either the first-order or the secondorder motion percept. Fig. 3 shows the performance of three observers discriminating the direction of motion of a 1.5 and an 11 Hz plaid interleaved with a pedestal. Both the pedestal and the moving plaid had the same horizontal and vertical spatial frequency but the relationship between their phases varied randomly between presentations.
Experiment 2: replica pedestals
All three observers needed 0.4-0.8 log units more contrast to discriminate the direction of motion of a 1.5 Hz plaid when a pedestal was added. The masking effect of the pedestal on the reversed motion percept elicited by the contrast envelope at 1.5 Hz is substantial bearing in mind that the contrast of the pedestal was only twice the value at which it became possible to discriminate the direction of motion of the plaid. Generally the performance at 1.5 Hz with and without a pedestal varied from 50% correct at low contrasts to 0% at high contrasts, although the performance of subject Fig. 2 . Performance of three observers discriminating the direction of motion of a plaid as a function of the pattern contrast. The grating components jumped 3/8 of their spatial period 1(), 2 (), 4 ( ), 8 (), 15 (), or 30 () times during the 500 ms presentation, causing it to move with an average temporal frequency between 0.75 and 22.5 Hz. Up to temporal frequencies of 3 Hz, the plaid appeared to move in the direction of the contrast envelope. At higher temporal frequencies, it appeared to move in the direction of the luminance profile. Each plotted data point is based on at least 50 observations. OIU was close to and over 75% correct with a pedestal at two lowest contrast levels. As the subject's performance is well above chance, it is plausible that under these conditions analysis of the low-contrast signals is based on first-order mechanisms.
At 11 Hz the performance with and without a pedestal varied from 50% correct at low contrasts to 100% correct at high contrasts. The psychometric functions overlapped indicating that the first-order motion percept was unaffected by a pedestal.The finding that the replica pedestal masked the perceived motion of the contrast envelope seen at 1.5 Hz but not the perceived motion of the luminance profile seen at 11 Hz shows that the pedestal distinguishes these two opposite motion percepts: it blocks the mechanism that detects the second-order motion but does not affect the mechanism that detects the first-order motion. This implies that the mechanisms responsible for analysing second-order motion track features and those responsible for analysing first-order motion do not (Lu & Sperling, 1995) .
In order to identify which aspect of the pedestal is most important in determining its effect on the secondorder motion percept at low temporal frequenciesand thus to shed light on the nature of the feature that is being tracked-we wished to compare the efficacy of a number of different pedestal patterns. First we tested whether pedestals that had the same horizontal spatial frequency as the moving plaid but different vertical spatial frequencies are as effective as exact replicas. Fig. 4 shows the performance of three observers discriminating the direction of motion of a 1.5 Hz plaid interleaved with a pedestal of a lower (3 cpd) or a higher (8 cpd) vertical spatial frequency than the moving plaid (5 cpd).
Experiment 3: pedestals with lower and higher 6ertical spatial frequencies
The effects of 3 cpd and 8 cpd pedestals on the perception of reversed second-order motion in the plaid moving at 1.5 Hz were generally similar to the effect of an exact replica. The psychometric functions were shifted towards higher contrasts in comparison with the function obtained with no pedestal. The shift was less than in the function with the exact replica, in other words these pedestals masked the perceived motion of the contrast envelope slightly less effectively than did the replica pedestals. However the masking was still substantial: the contrast required to discriminate the second-order motion was up to 0.3 log units higher with the pedestals than without.
This suggests that the spatial frequency of the horizontal gratings determines how effective a pedestal will be and that the features being tracked could be the vertical stripes of horizontal grating. However, it is also possible either that observers are sensing the motion of a distortion product generated early in the visual pathway by squaring or rectifying the pattern (Burton, Fig. 3 . The performance of three observers discriminating the direction of motion of a plaid moving at 1.5 and 11 Hz, interleaved with a replica pedestal. The pedestal masked the perceived motion of the contrast envelope, seen at 1.5 Hz, but not the perceived motion of the luminance pattern seen at 11 Hz.
1973; Derrington et al., 1992) or that they are tracking features associated with the ends of the bars. In order to test these possibilities we measured the effects of low spatial frequency gratings on the contrast required to discriminate the direction of motion of plaid patterns. Fig. 5 shows the effect of high contrast static low spatial frequency gratings on the performance of observers discriminating the direction of motion of the plaid pattern jumping at 1.5 Hz. We used a high contrast static mask because if observers do use a low spatial frequency distortion product to sense the mo- Fig. 4 . The performance of three observers discriminating the direction of motion of a plaid moving at 1.5 Hz, interleaved with pedestals with lower (Fig. 1b) or higher (Fig. 1c) vertical spatial frequencies. These pedestals are slightly less effective masks for the perceived motion of the contrast envelope than the pedestal with the same vertical spatial frequency as the moving plaid. Fig. 5 . Performance of three observers discriminating the direction of motion of a 1 cpd grating and a 1.5 Hz plaid when the moving pattern was presented alone and when it was interleaved with low spatial frequency grating masks. The 1 cpd grating which has the spatial frequency of the putative distortion product was masked by a static 1 cpd grating. When the moving plaid was interleaved with a static grating mask of 1 or 0.5 cpd (which would generate a distortion product of the same spatial frequency as the plaid would if it were squared or rectified) the two grating masks had a small effect or no effect at all on the perceived motion of the plaid's contrast envelope. tion of the plaid pattern they could use either a featuretracker or a motion filter. Motion filters, at least to the extent that they resemble the elaborated Reichardt detector, are not vulnerable to low-contrast pedestals, but they are vulnerable to high contrast pedestals or masks (Lu & Sperling, 1995) .
Experiment 4: low spatial frequency grating masks
The squares show performance in discriminating the direction of motion of a sinusoidal grating of 1 cpd, which is the spatial frequency of the putative distortion product. Observers see this stimulus moving in the correct direction and they need about an extra 1.5 log units of contrast in order to discriminate the direction of motion of the 1 cpd grating when the static masking grating is added to it. This confirms that the mask has sufficient contrast to impair motion discrimination performance that is based on low spatial frequency sinusoids.
The solid circles show performance obtained with the plaid presented alone. The open circles and the open triangles show performance when either a 1 cpd grating, which has the same spatial frequency as the putative distortion product, or a 0.5 cpd grating, which would generate a distortion product of the same spatial frequency as the plaid would if it were squared or rectified. The two masks have no effect in one observer and they raise thresholds by about 0.2 -0.3 log units in the other. This huge difference between the effect of the mask on a real grating and its effect on the plaid makes it extremely unlikely that distortion products contribute to the reversed motion percept elicited by the plaid pattern.
The fact that the static 1 cpd grating does not block the reversed motion percept elicited by the plaid's contrast envelope, also speaks against the possibility that local features in the plaid's luminance profile -edges, zero-crossings and the like -contribute to that percept. Fig. 6a shows these horizontal luminance profiles through alternate rows (dark and light grey lines) of the plaid before (the upper luminance profile) and after a jump leftwards of 3/8 cycle (the lower profile). Within each row the peaks and the troughs appear to be displaced to the left but the zero-crossings, which coincide for the different rows, appear to be displaced to the right. Fig. 6b shows the luminance profiles of the plaid with a static 1 cpd grating mask added to it. The upper panel shows the luminance profile for the plaid with the mask before the jump and the lower one after the jump. Note that the plaid jumps but the mask stays still. The effect of this is that the zero-crossings move very little and those in alternate rows move in opposite directions. In the rows where the mask is nearly in phase with the plaid, the zero-crossings move to the left and in the rows where it is nearly out of phase, they move to the right. Thus, tracking the zero-crossings in the image would not give rise to a consistent motion percept. If the plaid were filtered, for example by convolution with a Laplacian of a Gaussian operator tuned to the spatial frequency of the plaid components (Marr & Ullman, 1981; Marr & Hildreth, 1980) before extracting the zero-crossings the amplitude of the mask would be reduced relative to that of the plaid. The Laplacian of a Gaussian attenuates frequencies below its optimum by about a factor of four for every halving of spatial frequency. The mask has a spatial frequency five times lower than the components of the plaid, so its amplitude would be reduced below that of the plaid. In that case it might still be possible to sense the motion of the plaid's contrast envelope by tracking the zero-crossings in the filtered image of the plaid. Accordingly a more stringent test of the possibility that subjects track zerocrossings is to use a mask that has the same spatial frequency as the plaid's components, since any isotropic filter will have the same effect on the contrast of mask and plaid. Fig. 7 shows, in the same format as Fig. 6 , the effect of the mask on the motion of the plaid. This time the mask introduces many more zero-crossings than before, and again some of them move in one direction and some of them move in the other.
3.5. Experiment 5: high spatial frequency grating mask Fig. 8 shows how the high frequency static grating mask affects performance of observers discriminating the direction of motion of plaids and of low spatial frequency gratings. The low spatial frequency grating data are included to give an indication of the size of effect one might expect from non-specific effects such as a reduction in gain induced by the high contrast, high spatial frequency mask. The effect is modest -the mask, which has a contrast 1.5 log units higher than the grating, raises the contrast required to discriminate its direction of motion by 0.3 log units or less. The effect on the plaid is smaller still. There is no support for the idea that the motion of the plaid is analysed by tracking zero-crossings.
General discussion
Three clear findings emerge from the results. The first is that the (reversed) motion percept elicited by the Fig. 8 . The effect of a high spatial frequency static grating mask on direction discrimination of the motion of plaids and of low spatial frequency gratings. The 5 cpd grating masks the 1 cpd moving grating modestly and the perceived motion of the plaid's contrast envelope is affected even less. contrast envelope of the jumping plaid depends on a process that is sensitive to a pedestal: the addition of a relatively low contrast static replica of itself to the moving pattern raises the contrast required to see the motion. The second is that the percept of forward motion elicited when the same plaid jumps more rapidly is not sensitive to a pedestal. The third is that the most effective pedestal pattern for blocking the reversed motion percept elicited by the jumping plaid is an exact replica of the moving plaid. Plaids which match its overall spatial structure but not its spatial frequency are effective but less so, whereas patterns with zero-crossings that repeat at the same or higher periodicity and patterns that either match the putative distortion products generated by the plaid, or that would generate similar distortion products, are almost completely ineffective.
These three findings allow us to conclude that the mechanism subserving this particular form of secondorder motion is qualitatively different from the mechanisms that normally analyse the motion of luminance patterns and that it is sensitive to particular details of the contrast envelope of the pattern.
Qualitati6e differences between first-order and second-order motion mechanisms
The two, oppositely directed, motion percepts that can be elicited by our stimulus reflect the fact that it consists of a luminance pattern with a contrast-envelope that moves in the opposite direction to the luminance waveform. When the pattern moves rapidly, subjects perceive it to move in the direction of the luminance pattern. This percept is not affected by the addition of a pedestal. When the pattern moves slowly, subjects perceive it to move in the direction of its contrast envelope. This motion percept is disrupted by the addition of a pedestal.
The pedestal task was introduced to discriminate between motion percepts that are generated by spatiotemporal filtering and those that are generated by tracking features in a pattern (Lu & Sperling, 1995) . The rationale is that at least one model of spatio-temporal filter would be insensitive to the addition of a pedestal, whereas a mechanism that simply located the features of a particular type in a pattern and tracked the change in their location with time would be prevented by the pedestal from giving a consistent directional response.
We find that the pedestal does discriminate very clearly between the motion percept elicited by the contrast envelope of our pattern and that elicited by its luminance profile. The minimal interpretation of these results is that the mechanisms that analyse these two types of motion are qualitatively different. Lu and Sperling's (1995) logic would lead to the conclusion that the motion of the luminance pattern is extracted by a spatio-temporal filter and the motion of the contrast envelope is extracted by tracking its features. Although in principle it would be possible to design a spatio-temporal filter that was vulnerable to pedestals and a feature-tracker that resisted them we lean towards Lu and Sperling's logic. The fact that the motion thresholds of contrast patterns depend on the size of spatial displacements they undergo, whereas those of luminance patterns depend on the speed with which they move also supports the notion that the motion of contrast-modulations is analysed by locating and tracking features (Seiffert & Cavanagh, 1998) .
The vulnerability (to pedestals) of the motion percept elicited by the contrast envelope appears to conflict with Lu and Sperling's (1995) observation that the motion of contrast envelopes is not vulnerable to pedestals. However, their result was obtained using contrast patterns that had a high space-average contrast. We find that raising the space-average contrast of a contrast-modulated pattern makes the motion percept it elicits resistant to a pedestal (Ukkonen & Derrington, 1997) . We think that the most likely reason for this change is that, when contrast is high, contrast patterns may generate an internal distortion product of magnitude high enough to drive motion-detection mechanisms that are normally responsive only to luminance patterns (Derrington, 1987; Scott-Samuel & Georgeson, 1995) .
Nature of the second-order motion mechanism
At low contrasts however the results with pedestals suggest that the motion of contrast envelopes is detected by a mechanism that locates features and tracks changes in their position. By comparing the effectiveness of different types of pedestal we get some idea of the nature of the features that are tracked. The results in Fig. 4 show that vertical stripes consisting of horizontal gratings are effective masks. The fact that vertical luminance gratings of low spatial frequency are ineffective indicates that the features being tracked are not simple distortion products such as would be generated by squaring or rectifying the luminance waveform (Derrington, 1987) but rather are vertical contrast envelopes modulating a horizontal grating carrier. It is worth noting that neurones in cat area 18 that respond to the motion of contrast envelopes appear to be selective for the orientation of the carrier (Mareschal & Baker, 1998) . However, the fact that these neurones respond to luminance waveforms as well as to contrast envelopes makes it unlikely that they could support human perception of second-order motion because, as Fig. 5 shows, luminance masks appear not to interfere with our observers' perception of second-order motion.
The fact that high spatial frequency gratings are also ineffective indicates that the relevant features are not zero-crossings in a band-pass filtered image (Marr & Ullman, 1981) ; the pattern is still seen to move consistently when the zero-crossings do not.
The fact that these plaids are slightly less effective than exact replicas, suggests that the mechanism that locates the features may be selective for spatial frequency. Further work is needed to clarify this and to investigate its selectivity for other stimulus parameters. The fact that plaid patterns that have the same horizontal spatial period as the moving pattern (but higher or lower vertical periods) do block the second-order motion percept, suggests that the relevant features are the stacks of short vertical bars in the plaid.
Finally, it should be acknowledged that our assertion that the mechanism that analyses second-order motion depends on feature-tracking is based on Lu and Sper-ling's (1995) demonstration that the elaborated Reichardt detector is resistant to pedestals. Alternative designs of motion analyser might not be resistant to pedestals, however whether or not this is the case, pedestals clearly discriminate between the first-order and second-order mechanisms that sense the motion of our plaid stimulus. In principle it is possible that a common mechanism analyses the motion of both types of pattern and its properties depend on whether the stimulus is first-order or second-order. Mareschal and Baker (1997) find that cat area 18 neurones that respond to first-order and second-order patterns, prefer lower temporal frequencies in second-order stimuli than in first-order stimuli. It remains to be seen whether or not these neurones are sensitive to pedestals.
